Abstract. We measure in vitro tissue birefringence in the liver of hypercholesterolemic rats with polarization-sensitive optical coherence tomography. Tissue birefringence is determined by measuring the phase retardation as a function of tissue depth. The birefringence of such a sample is usually due to the narrow fibrous structures that cannot be resolved by a standard optical coherence tomography system. Anisotropic structures are formed in the hypercholesterolemic rat liver, which is quite different from the isotropic nature of healthy liver. Birefringence is evaluated to give an order of magnitude of 4.48 ϫ 10 −4 at 790 nm in hypercholesterolemic rat liver. The infiltration of macrophages and increased collagen deposition should be major causes for tissue birefringence in hypercholesterolemic liver.
Introduction
Optical coherence tomography ͑OCT͒ has been widely used for high-resolution biological tissue imaging and fast scanning. [1] [2] [3] It has been applied to scans of various portions of biological tissue, and used for the diagnosis of various diseases, including human mucosa, 4 urinary bladder, 5 retinal nerve fiber layer, 6 and cornea. 7 In many situations, such as the pathological process in tissue, changes in the sample scattering property are so small that measurement is difficult. Therefore, for clinical applications, imaging contrast enhancement is an important issue. [8] [9] [10] Polarization-sensitive optical coherence tomography ͑PSOCT͒ combines the depth resolution of OCT with polarization-dependent scanning to image the optical birefringence of biological tissues. [6] [7] [8] [11] [12] [13] [14] Many biological tissues, such as myocardium, tendon, muscle, nerve, bone, and teeth, exhibit birefringence characters of their fibrous structures. PSOCT is used for probing samples with polarized incident light and polarization-sensitive detection of interference fringes, leading to the information of tissue birefringence and optical axis orientation.
In the past few decades, hypercholesterolemia has emerged to be a major health threat in the developed world. While most related studies addressed vascular diseases, its impact on liver were overlooked. Liver is the central organ to handle cholesterol metabolism, and in experimental models, hypercholesterolemia resulted in significant liver steatosis. It has been reported that accumulation of excess cholesterol in the liver results in inflammation and fibrosis. 15, 16 The diagnosis of chronic active inflammation in fatty liver relies on liver biopsy, since detection of inflammation in the presence of liver steatosis has been a challenge to currently available imaging methods including ultrasonography, computer-assisted tomography, and magnetic resonance imaging. 17 Therefore, it is important to develop a novel imaging modality for such diagnosis. Pathologic features of steatohepatitis include portal fibrosis, balloon degeneration of hepatocytes, and increased infiltration of inflammatory cells, which collectively imply that structural inhomogeneities can be targets to detect the inflammatory activity in fatty liver. 18 In this study, we evaluate tissue birefringence in the liver of hypercholesterolemic rats with the PSOCT technique through in vitro measurements of phase retardation and tissue depth. The birefringence of such a sample is usually due to delicate structures that cannot be resolved by a standard OCT system. From the histology images, anisotropic structures can be observed in hypercholesterolemic rat liver, which is quite different from the isotropic nature of healthy liver.
Experimental Procedures
The PSOCT system is illustrated in Fig. 1 . 11 We used a modelocked Ti: sapphire laser centered at 790 nm, with the spectral full width at half maximum of about 100 nm, as the broadband light source. Light from the source passes through a half-wave plate ͑HWP͒ and a polarization beamsplitter ͑PBS1͒ to become a vertically polarized wave. It is then split into reference and sample arms with a polarization-insensitive beamsplitter ͑BS͒. A quarter-wave plate ͑QWP2͒ is placed in the reference arm with the slow axis oriented 22.5 deg from the horizontal direction. The optical signal in the reference beam undergoes a round-trip half-wave shift through QWP2 and returns with a linear polarization tilted 45 deg from the horizontal direction. In the sample arm, a quarter-wave plate ͑QWP1͒ is used to rotate the signal polarization 45 deg from the vertical direction to provide circularly polarized light for scanning the sample. The backscattered light from the sample, generally elliptically polarized, passes through QWP1 again to receive a 90-deg phase delay. The polarization beamsplitter ͑PBS2͒ splits the recombined reference and sample beams into two orthogonal linear polarization modes. They are detected with two photodetectors. The reference arm is equipped with a standard rapid scanning optical delay line for phase and group delays. [19] [20] [21] [22] The distance between the grating and the lens and the grating orientation in the optical phase delay line are adjusted to compensate the dispersion. 21, 22 Based on the spectral data of the light source, the theoretical value of the depth resolution is 3 m in air. However, because the system dispersion is not perfectly compensated, the actual depth resolution of our system is about 5 m in air, corresponding to a resolution of 3.57 m in tissue. The light spot size on the sample is about 5 m. About 1-mW power is applied to the samples. The sensitivity of the PSOCT system is about 90 db.
Sample preparation was performed in accordance with the China Animal Protection Law ͑Scientific Application of Animals͒, 1998. Rats ͑200 to 250 g͒ were divided into a normal control ͑NC͒ group and a high-cholesterol ͑HC͒ diet group. We fed NC rats with standard rodent chow and water. The high-cholesterol diet contained 4% cholesterol. Rats were sacrificed postfeeding after three weeks. To harvest the livers, a lethal dose of sodium pentobarbital was administered. The animals were retrogradely perfused with heparinized phosphate buffered saline ͑PBS͒ ͑10 units/ ml͒ for 15 min. The livers were then quickly removed and fixed onto the translation stage of the PSOCT system.
Optical Coherence Tomography Scanning
Results The phase retardation ␦ of the sample is defined as
Here, d is the depth in the sample, and S H and S V denote the signal amplitudes of the horizontal and vertical channels, respectively. The birefringence ⌬n of the sample is given by
Here, is the central wavelength of the light source. Note that Eq. ͑1͒ can be used for the evaluation of phase retardation for any relative orientation between the major axes of the birefringent tissue and the vertical/horizontal directions of the optical system. 23 Figures 2͑a͒ and 2͑b͒ show the structure images of normal and hypercholesterolemic rat livers, respectively. In other words, these two OCT images show the data of S H 2 + S V 2 . No clear features for differentiating the two liver samples can be seen, implying that the structure difference between normal and hypercholesterolemic rat livers cannot be distinguished with a standard OCT system. However, as shown in Figs. 2͑c͒ and 2͑d͒ , the phase retardation images of the normal ͓Fig. 2͑a͔͒ and hypercholesterolemic ͓Fig. 2͑d͔͒ rat livers show distinct features. One can see that phase retardation of the normal rat liver is almost constant due to its isotropic nature. However, the phase retardation image of the hypercholesterolemic rat liver shows the gradient variation along the sample depth. Such a variation feature implies that the hypercholesterolemic rat liver possesses a certain birefringence character.
To determine the birefringence value, we can take the average number of A-mode-scan profiles of phase retardation and fit the average result with a straight line. The slope of this straight line is related to the birefringence of the sample ͓see Eq. ͑2͔͒. The number of A-mode-scan profiles for averaging depends on the convergence of the averaging process to a reasonable value. In Fig. 3 , we show the determination of the birefringence value of a healthy rat liver with the thick black slope line for fitting the average A-mode-scan profile of phase retardation ͑thick red curve͒, which is obtained by averaging 15 A-mode-scan results, as plotted in the light-color curves. The calculated birefringence value is 2.835ϫ 10 −6 . Another approach for calculating the birefringence value is to first obtain the fitting slope of each A-mode-scan profile and take the average of those 15 slopes. With this approach, based on the statistics of the 15 A-mode-scan results, the average of the birefringence value is 2.820ϫ 10 −6 and the standard deviation is 0.238ϫ 10 −6 . These two average birefringence values are about the same and are quite small when compared with those of the hypercholesterolemic rat liver ͑see next͒. Figure 4 shows the same average process for the hypercholesterolemic rat liver. For this sample, we used seven A-mode-scan profiles for the average. The calculated birefringence value based on the average A-mode-scan profile for the hypercholesterolemic rat liver is 4.486ϫ 10 −4 . On the other hand, based on the approach of averaging individual slopes of the A-mode-scan profiles, the average birefringence value of the hypercholesterolemic rat liver is 4.484ϫ 10 −4 and the standard deviation is 5 ϫ 10 −6 . Again, the two average values are about the same. The much smaller standard deviation, when compared with the average value, confirms that using fewer A-mode-scan profiles for the averaging process in this Fig. 2 Structural images of ͑a͒ normal rat liver and ͑b͒ hypercholesterolemic rat liver, and phase retardation images of ͑c͒ normal rat liver and ͑d͒ hypercholesterolemic rat liver. One can see the almost identical images between ͑a͒ and ͑b͒. However, ͑c͒ and ͑d͒ are quite different, indicating the birefringence nature in hypercholesterolemic rat liver. 4 Average birefringence of hypercholesterolemic rat liver shown with a thick black slope line for fitting the average A-mode-scan profile of phase retardation ͑thick red curve͒, which is obtained by averaging seven A-mode-scan results, as plotted in the light-color curves. ͑Color online only.͒ sample is appropriate. Those average values are more than 150 times larger than those obtained from Fig. 3 for healthy rat liver. With such a large contrast in the birefringence value, it is reasonable to conclude that the liver is transferred from isotropic in its optical property into an anisotropic nature after it becomes hypercholesterolemic, with a birefringence value in the order of 4.48ϫ 10 −4 . Note that in Figs. 3 and 4 , at the tissue surface, the phase retardation is not exactly zero in either tissue sample. The slight deviations from zero, which are around 0.1 rad or 5.7 deg for the healthy liver ͑see the thick red curve in Fig. 3͒ and around 0.05 rad or 2.87 deg for the hypercholesterolemic liver, are attributed to the system inaccuracy, which is quite small.
Origin of Tissue Birefringence in the Hypercholesterolemic Liver
To identify the source of tissue birefringence, formalin-fixed liver samples were processed into sections ͑with a thickness of 3 m͒ and stained with the immunohistochemical and Mason's trichrome staining methods. Representative micrographs are shown in Fig. 5 . For immunohistochemistry, sections were incubated with a monoclonal primary antibody against ED1 ͑a marker for infiltrating macrophages͒ in 1:100 dilutions at room temperature for 60 min. The sections were then incubated with a detection secondary antibody for 30 min and developed with a substrate-chromogen solution. Images were acquired 200ϫ magnification, and the cell density was counted in three animals in each group. In the NC group, little inflammatory cells were present ͑density: 1.6± 0.2 cells per 200ϫ field, n =15 images from three animals͒. However, we found the presence of infiltrating ED1 positive macrophages in the livers of the HC group ͑density: 26± 2.8 cells per 200 ϫ field, p=8ϫ 10 −5 compared with NC, n =15 images from three animals͒. We speculate that the increased macrophage density might contribute to the altered tissue birefringence based on the following two evidences. First, macrophages are visible under OCT in a cell culture system. 24 Second, it has been reported that OCT has been applied to detect macrophages and lipid-laden foamy cells in atherosclerotic plaques. 25 Therefore, the presence of macrophages in liver parenchyma may produce optical inhomogeneity and result in the behavior of birefringence. With Mason's trichrome staining, the tissue structure was mostly anisotropic in the NC group. In contrast, steatosis of hepatocytes, portal proliferation and periportal fibrosis in the HC group disrupted the anisotropy. Since collagen is a major source of tissue birefringence, we also measured the tissue contents of hydroxyproline, which is an amino acid only present in the collagen molecule. Hydrolysis of liver samples was carried out in 6N HCl at 110°C for 16 h. After evaporating under a vacuum, hydroxyproline was measured using the colorimetric method described by Stegemann and Stalder. 26 The absorbance was measured by a spectrophotometer at 550 nm. As a result, hydroxyproline concentration was significantly higher in the liver of the HC group compared with the NC group ͑322± 46 versus 137± 34 g/g liver, p = 0.006, N =4 in each group͒. From these evidences, one can conclude that the infiltration of macrophages and increased collagen deposition ͑especially in the periportal area͒ perturbed the structure of the normal liver and contributed to the tissue birefringence in hypercholesterolemic liver.
Conclusions
In summary, we measure in vitro tissue birefringence in the liver of hypercholesterolemic rats with PSOCT. Tissue birefringence is evaluated through the measurement of phase retardation. Birefringence is calculated to give an order of magnitude of 4.48ϫ 10 −4 in hypercholesterolemic rat liver. The infiltration of macrophages and increased collagen deposition are the major causes for tissue birefringence in hypercholesterolemic liver. For in vivo application of the PSOCT system for hypercholesterolemic liver diagnosis, a needle-shaped catheter with an outer diameter in the range of 1 mm is needed. To fabricate such a catheter, a small scanning mirror based on the microelectromechanical optics technique is useful. 27 Meanwhile, because liver tissue is a highly scattering medium, an OCT system with a central wavelength of light source around 1300 nm can penetrate deeper into liver tissue. A swept-source spectral-domain OCT system with a central wavelength around 1300 nm can be a better tool for further studying the optical properties of abnormal livers. 
